Aims Extended seed longevity in the dry state is the basis for the ex situ conservation of 'orthodox' seeds. However, even under identical storage conditions there is wide variation in seed life-span between species. Here, the effects of seed traits and environmental conditions at the site of collection on seed longevity is explored for195 wild species from 71 families from environments ranging from cold deserts to tropical forests. † Methods Seeds were rapidly aged at elevated temperature and relative humidity (either 458C and 60% RH or 608C and 60% RH) and regularly sampled for germination. The time taken in storage for viability to fall to 50% ( p 50 ) was determined using Probit analysis and used as a measure of relative seed longevity between species. † Key Results Across species, p 50 at 458C and 60% RH varied from 0 . 1 d to 771 d. Endospermic seeds were, in general, shorter lived than non-endospermic seeds and seeds from hot, dry environments were longer lived than those from cool, wet conditions. These relationships remained significant when controlling for the effects of phylogenetic relatedness using phylogenetically independent contrasts. Seed mass and oil content were not correlated with p 50 . † Conclusions The data suggest that the endospermic seeds of early angiosperms which evolved in forest understorey habitats are short-lived. Extended longevity presumably evolved as a response to climatic change or the invasion of drier areas. The apparent short-lived nature of endospermic seeds from cool wet environments may have implications for re-collection and re-testing strategies in ex situ conservation.
INTRODUCTION
The fact that seeds of most species can be dried and stored from year-to-year has been exploited since the beginning of agriculture. Indeed, the ability of many orthodox seeds (sensu Roberts, 1973) to remain viable for tens or hundreds of years in dry storage (Walters et al., 2005; Daws et al., 2007) , means that they also provide a convenient vehicle for the long-term ex situ conservation of plant germplasm.
The longevity of seeds held in dry storage is mainly determined by seed moisture content and storage temperature, with life-span increasing predictably with decreasing temperature and moisture content (Harrington, 1963 (Harrington, , 1972 Ellis and Roberts, 1980) . However, there are also wide inherent differences in seed longevity between species (Harrington, 1972; Priestley et al., 1985) . For example, using the improved seed viability equations (derived from rapid ageing experiments at elevated temperatures and moisture contents; Ellis and Roberts, 1980) , the predicted time for viability to decline from 97 . 7% to 84 . 1% for seeds stored under gene-bank conditions (2208C after equilibration at 15% RH, 158C) ranges from approx. 30 years for Ulmus carpinifolia to approx. 6000 years for Sorghum bicolor (Liu et al., 2008) . Similarly, using the Avrami equation to model data from re-testing of 41 847 seed accessions from 276 species stored at the USDA National Center for Genetic Resources Preservation (NCGRP), Walters et al. (2005) predicted that there would be a difference of 626 years in the time for viability to fall to 50% between the shortest (Bromus sitchensis; 7 years) and longest lived accessions (Trifolium campestre; 633 years).
However, there is already evidence that some species produce seeds with much shorter longevity in dry storage. For example, seeds (with high initial viability) of Anemone nemorosa are predicted to survive ,1 year under seed bank storage conditions (Ali et al., 2007) . As there is an increasing aspiration to conserve seeds from wild plant species (Target VIII of the Global Strategy for Plant Conservation; SCBD, 2006) , it is likely that more species will be found whose seeds have a similarly short life-span.
Understanding species differences in seed longevity is therefore crucial to the effective management of seed conservation collections because it underpins the selection of viability re-test intervals and hence regeneration or re-collection strategies. It is particularly critical for collections of wild plant species where, due to the genetic heterogeneity of wild plant populations, any significant decline in viability will result in the loss of genotypes from the accession (Walters, 2003) . However, species-specific constants for the improved viability equations are only available for approx. 56 species (Liu et al., 2008 ) the majority of which are temperate species of agricultural importance. Generating constants is time consuming and involves the expenditure of tens-of-thousands of seeds per species. Even if the universal values for the temperature coefficients (Dickie et al., 1990) are accepted, carrying out the rapid ageing experiments needed to determine the other two parameters would still require thousands of seeds. Thus, species constants are unlikely ever to be experimentally determined for the majority of plant species. Consequently, predictions of seed longevity in gene-bank storage for threatened wild plant species are problematic. An alternative approach to actually determining longevity for individual species is to identify reliable and robust correlates of longevity and use these to develop general predictive models (Daws et al., 2006) .
A number of studies have reported potential correlates of seed longevity in dry storage including seed mass, oil content, carbohydrate composition, taxonomy and climate (e.g. Horbowicz and Obendorf, 1994; Priestley, 1986; Pritchard and Dickie, 2003; Walters et al., 2005) . However, a purported link between high oil content and short storage life-span has not been supported by recent analyses (Pritchard and Dickie, 2003; Walters et al., 2005; Bird, 2006) .
Seed size may be used as a predictor of persistence in the natural environment, with small seeds generally showing greater persistence in the soil seed bank compared with larger seeds (Thompson et al., 1993; Funes et al., 1999; Cerabolini et al., 2003; Peco et al., 2003) . It might be expected that seeds showing greater persistence in the soil would be long-lived in dry storage. This is supported by reports of a positive correlation between seed longevity measured in the laboratory under controlled (Long et al., 2008) or uncontrolled (Bekker et al., 2003) conditions and seed persistence in the soil. However, no such correlation was found when seed longevity under seed bank conditions was compared with seed persistence in soil (Walters et al., 2005) , possibly because the stresses and protective mechanisms involved in conferring persistence in the soil are different to the stresses and protective mechanisms that make seeds resistant to ageing in long-term dry storage at low temperatures.
The most significant advance in understanding the underlying factors influencing seed longevity in dry storage comes from the analysis of the NCGRP data. Walters et al. (2005) suggested both a taxonomic and climatic component to interspecific differences in longevity. Thus, seeds from some families were inherently short lived (e.g. Apiaceae, Brassicaceae) and others long-lived (e.g. Malvaceae and Chenopodiaceae) and species originating from cool, temperate climates tended to produce seeds with short life-spans and those from warm, arid environments seeds with long lifespans. However, these authors did not assess the relative importance of these factors.
In this paper is presented a predictive model of relative seed longevity, determined by analysing longevity data for 195 species sampled from accessions stored in the Royal Botanic Gardens (RBG) Kew, Millennium Seed Bank and representing diverse taxa and global-wide sampling. Due to the logistical and time-scale problems with comparing storage life-span under gene-bank conditions, seed longevity was determined using standardized rapid ageing conditions (Davies and Probert, 2004; Hay et al., 2006) . These data are used to assess putative factors of significance in predicting seed longevity, including physical attributes of the seed such as mass and oil content and the climate of the area where seed collections originated. Relative embryo size (RES) across species has also been correlated with the developmental stage of the embryo (Forbis et al., 2002) and intra-specific studies have indicated that longevity increases during seed development (e.g. Hay and Probert, 1995; Ali et al., 2007) . Therefore, we also consider whether differences in the relative size of the embryo are related to differences in storage life-span. In addition, since performance at sub-zero temperatures has to be extrapolated from rapid ageing conditions, we test whether our ageing data correlates with long-term (20-year) storage data for species held under gene-bank conditions. Specifically, the following hypotheses are tested with the aim of developing a predictive model for seed longevity: (1) among seed traits, seed mass, oil content and RES will not be related to seed longevity; (2) climatic parameters (mean annual temperature and total annual rainfall) will not be related to seed longevity. In comparative analyses, species are not statistically independent, as demonstrated by Walters et al. (2005) for seed longevity. Therefore, not only will crossspecies analyses be conducted but also phylogenetically independent contrasts will be conducted to test for an evolutionary association between the variables of interest and seed storage life-span.
MATERIALS AND METHODS

Species selection
High viability collections (!85% germination) of 195 species with known germination requirements were identified from conservation collections held at the Millennium Seed Bank under international gene bank standard conditions of 15% 2208C (FAO/IPGRI, 1994) for between 2 and 35 years (Table 1) . Species were selected to give broad taxonomic and geographic coverage and were only included if seed longevity characteristics had not been studied previously. They represent a range of orders (30) and families (71), from 658N (Finland) to 508S (Chile) and 1738E (New Zealand) to 1258W (Canada).
Ageing protocol
Ageing experiments on samples from the targeted collections were carried out between 2001 and 2006. At the outset, all seed samples were aged according to a standardized protocol (Davies and Probert, 2004) . First, in order to raise the moisture content of the seeds prior to ageing and to minimize the subsequent adjustment of moisture content when samples were transferred to the ageing conditions, ten samples of 50 seeds each were rehydrated at 47% RH at 208C in open glass vials or Petri dishes; the vials/dishes were placed over a non-saturated solution of LiCl (anhydrous, Laboratory Reagent Grade; Fisher Scientific UK Ltd, Leics., UK) in distilled water held in a sealed 300 Â 300 Â 130 mm electrical enclosure box (Ensto UK Ltd, Southampton). At the end of the re-hydration period (14 d), seed equilibrium relative humidity (eRH) was checked using a sample of the equilibrating seeds or, if the volume of seeds was too small, a reference sample of Ranunculus sceleratus seeds that accompanied the test species during rehydration. The eRH was measured using a water activity measuring instrument which comprised a hygrometer sensor housed in an AW-DI0 water activity probe, used in conjunction with a HygroPalm 3 display unit (Rotronic Instruments UK Ltd, Crawley, UK). Once the test species was judged to have reached equilibrium, samples were transferred to a second electrical enclosure box, over a non-saturated solution of LiCl at 60% RH placed in a LEEC KIF compact incubator (LEEC Ltd, Nottingham, UK) at 45 + 28C. The RH generated by the LiCl in the box was checked at 4-to 6-week intervals by pipetting a sample of approx. 10 mL solution and placing it into the sample chamber of the water activity-measuring instrument described above. Samples were allowed to equilibrate for up to 2 h before returning the sample to the enclosure box. The bulk solution was adjusted if necessary, usually by adding distilled water, stirring and allowing the solution to equilibrate before rechecking the RH (Hay et al., 2008) .
One sample of 50 seeds for each species was removed after each of 1, 2, 5, 9, 20, 30, 50, 75, 100 and 125 d for germination testing. Seeds were sown as two lots of 25 seeds each on 1% distilled water agar held in 55-or 90-mm-diameter Petri dishes (Bibby Sterilin Ltd, Staffordshire, UK) and placed in a LMS 250A or 600A cooled incubator (LMS Ltd, Sevenoaks, UK) at a temperature regime (constant or alternating) previously found to be optimal for germination of that accession in routine seed bank testing (see Appendix). Some of the accessions required additional treatments including the addition of 250 mg L 21 GA 3 (Sigma-Aldrich Company Ltd, Dorset, UK), mechanical scarification of the seed coat (carried out prior to equilibration at 49% RH) or cold stratification (typically at 58C for 56 d) (Appendix). Plates were regularly checked for germination and seeds scored as germinated once the radicle had reached !2 mm in length.
In the ageing experiments at 60% RH and 458C, four species of Myrtaceae: Calothamnus crassus, C. graniticus, C. rupestris and Melaleuca diosmifolia were found to be extremely long-lived, requiring sampling up to 500 d to generate reliable survival curves. In order to speed up the ageing process for a further 20 species, which were also expected to be very long lived, ageing was carried out at 60% RH and 608C. These species originated mainly from Australia and/or displayed serotiny. Sampling was carried out at 2, 5, 10, 15, 20, 25, 30, 40, 55 and 75 d and a germination test carried out as before.
Determination of seed characteristics
The mean seed air dry weight (seeds equilibrated to 15% RH, 158C) was calculated by weighing five lots of 50 seeds for each accession used in the study. Where available, whole seed oil contents for the species were obtained from either the Seed Information Database of the Royal Botanic Gardens Kew (Liu et al., 2008) or the Seed Oils Fatty Acid Database (http://sofa.bfel.de/).
RES was determined following the method of Forbis et al., (2002) . Five seeds from each targeted accession were sectioned longitudinally. Subsequently, digital images were taken using a Stemi SV 11 Microscope (Carl Zeiss, Germany) and using Axiovision 3 . 1 (Carl Zeiss Vision), the area of the embryo was measured and expressed as a proportion of the total space inside the testa. However, since RES was skewed towards values close to 1 . 0 and could not be satisfactorily transformed to approximate the normal distribution, a discrete classification was used in all analyses where seeds were classified as endospermic when the RES is ,1 and non-endospermic when the RES ¼ 1.
Estimation of climate for seed-lot collection sites
Annual mean temperature and total annual precipitation values, based on data collated between 1950 and 2000, were obtained for the collection location of each seed lot by querying WORLDCLIM data (download version 1.4 http:// www.worldclim.org/) at a maximum resolution of 30 arcseconds (approx. 1 km) using the 'Extract Values to Points' tool in ESRI ArcMap (version 9.1).
Seed bank data analysis
For seed lots which have been held for .20 years at the Millennium Seed Bank, data for initial germination and germination after 20 years were extracted from the Millennium Seed Bank's Seed Bank Database. The highest percentage germination result in initial tests and after 20 years' storage were compared to test whether there had been a significant drop in viability during storage. Collections in which there had been a significant drop in germinability were identified by testing the null hypothesis of no difference between the two germination values. This was achieved by calculating the two-tailed probability corresponding to Z, the value of the normal deviate corresponding to the difference between the initial and final germination percentage values following the procedure outlined in Ellis et al. (1985) .
As a result of limited overlap between both species and genera in this 20-year analysis and species in the artificial ageing tests, the proportion of species, showing a significant decline in viability over 20 years was calculated at the family level. This value was then correlated with the mean p 50 for corresponding families (from rapid ageing) to test for a relationship between survival life-span under gene-bank and rapid ageing conditions.
Statistical analysis
Probit analysis of the seed ageing data was carried out using GenStat for Windows, Version 8 (VSN International Ltd, Oxford, UK) to estimate p 50 (the time for viability to fall to 50%) through fitting of the basic seed viability equation:
where v is the viability in normal equivalent deviates (NED) at time p (days); K i is the initial viability (NED) and s is the standard deviation of the normal distribution of seed deaths in time.
For seeds aged at the higher temperature (608C), an estimate of p 50 at 458C was calculated by applying a correction factor based on data for five species tested at both temperatures (three species tested in our laboratory and two species tested by collaborators, A. Martyn and D. Merritt). Across these five species there was an average 10 . 9 (+s.d. 5 . 7) fold difference in p 50 between the two temperatures. Whilst the corrected values must be treated with caution, estimates of longevity (time for viability to fall by 1 NED) under the two different ageing environments calculated using the Seed Information Database (Liu et al., 2008) , for seeds of other species for which viability constants for the Ellis and Roberts (1980) viability equations have been determined and for which seed oil contents are known (to estimate moisture contents under the two different ageing environments), suggest that this correction factor is appropriate.
Oil content was only available for 140 of 195 species. Consequently two analyses were conducted for both the multiple regression and phylogenetically independent contrasts (PIC) approaches. The first analysis included only the species for which oil content was available, the second all 195 species but excluding the oil content data. However, since oil content was the first term to be dropped from the regression model for the 140 species (i.e. it contributed least to explaining variation in p 50 ) in both the cross-species and PIC approaches, only the multiple regression results for the analyses involving all 195 species are presented here. In the multiple regression analyses, the relationship between seed longevity ( p 50 ) and oil content (% dry weight basis), seed mass (mg), presence (1)/absence of endosperm (0), mean annual temperature (8C) and total annual rainfall (mm) was analysed using Minitab version 13 (Minitab Inc., State College, PA, USA). To ensure normality, p 50 and seed mass were log 10 transformed and oil content was arc-sine transformed in this and all other analyses. Total annual rainfall was transformed using a Box -Cox transformation with the optimum value of l (0 . 30) determined using Minitab 13. Regression models were constructed using backwards elimination. Initially all terms were included in the model and at each step in the procedure the variable with the smallest (nonsignificant) partial correlation was dropped from the model until only significant (P , 0 . 05) terms remained in the model (Sokal and Rohlf, 1995) .
PICs (Felsenstein, 1985; Pagel, 1992) were used to analyse the relationship between seed longevity (as assessed by p 50 ) and seed mass, oil content, the occurrence of endosperm, mean annual temperature and total annual rainfall. This approach is based on the logic of comparing pairs of species within a phylogeny that share an immediate common ancestor. The null hypothesis is that there is no correlation between changes in traits at the nodes. The package CAIC (Purvis and Rambaut, 1995) was used to generate contrasts. Within the phylogeny it was assumed that all branch lengths were the same: analyses of simulated data sets suggest that equal branch lengths may perform better than estimated branch lengths (Purvis et al., 1994) . For analyses testing whether the transition from endospermic to non-endospermic seeds (or vice versa) is associated with changes in p 50 , the Brunch procedure, designed for discrete predictor variables, was used (Purvis and Rambaut, 1995) . Contrasts from Brunch were analysed using a t-test on the mean of the contrasts: a mean significantly different to zero indicates correlated evolution between the traits of interest. For the continuous variables (seed mass, oil content, etc.) the Crunch procedure was used (Purvis and Rambaut, 1995) . For Crunch, variables were either run individually, with a linear regression forced through the origin, subsequently fitted to the contrasts or simultaneously with multiple regression used to analyse the contrasts. For all phylogenetic analyses, the latest phylogeny available to (sub-) family level from the Angiosperm Phylogeny Group was used (APG II, 2003) . However, due to the wide range of families and the lack of complete phylogenies to genus level for most families, a series of polytomies were created.
RESULTS
Variation in p 50 between species
Across the 195 species, viability declined with increasing duration of the ageing treatment (for examples, see Fig. 1 ). However, there was wide variation across species in the time taken for viability to fall to 50%: p 50 ranged between 0 . 1 d for Cercidiphyllum japonicum to 771 d for Calothamnus rupestris, respectively (both aged at 458C and 60% RH; Appendix). Within orders, there was a wide span of longevities with p 50 spanning more than an order of magnitude in some orders (e.g. Fagales and Lamiales). In addition, the Myrtales contained the longest lived species and the Liliales the shortest lived ( Fig. 2A) . Similarly there was wide variation in p 50 between families, including in some cases within the same order (e.g. Myrtaceae and Onagraceae in the Myrtales with mean estimates for p 50 of 366 d and 54 d, respectively; Fig. 2B ).
For the 46 families that overlapped between rapid ageing and 20 years' seed bank storage, there was a highly significant correlation between the proportion of species in a family exhibiting a significant decline in viability after 20 years storage under gene-bank conditions and mean p 50 at the family level (Spearman's Rank Correlation, r S ¼ 0 . 527, d.f. ¼ 44, P , 0 . 001; Table 1 ).
Correlates of p 50
Endospermic seeds were significantly shorter lived than non-endospermic seeds (mean p 50 values of 20 . 3 d vs. 65 . 7 d, one-way ANOVA, P , 0 . 001; Fig. 3 ). However, neither of the additional seed characteristics (seed mass and oil content) was significantly related to p 50 (linear regression, Fig. 4A, B ). There was a significant positive relationship between mean annual temperature and p 50 (linear regression, R 2 ¼ 0 . 102, P , 0 . 001), species from warmer environments tending to have a greater p 50 (Fig. 4C) . There was also a significant negative relationship between total annual precipitation (Box -Cox transformed data, l ¼ 0 . 30) and p 50 (linear regression, R 2 ¼ 0 . 051, P ¼ 0 . 002), species from drier environments tending to have a greater p 50 (Fig. 4D) .
Multiple regression for all 195 species, including the presence/absence of endosperm, log 10 (seed mass), mean annual temperature and total annual precipitation (Box -Cox transformed, l ¼ 0 . 30) as the independent variables and p 50 as the dependent variable, explained a significant proportion of the variation in p 50 (R 2 ¼ 0 . 279, F ¼ 18 . 39, P , 0 . 001). Only the presence/absence of endosperm, mean annual temperature and total rainfall remained when using a backwards model selection procedure (Table 2) . This model explained a significant proportion of the variation in time for viability to fall to 50% (R 2 ¼ 0 . 278, F ¼ 24 . 5, P , 0 . 001) such that:
where p 50 is the time for viability to fall to 50% (days), E is the presence (1) or absence (0) of endosperm, AT is mean annual temperature (8C) and AR is annual rainfall (mm). Accounting for phylogenetic relatedness indicated that the presence of endosperm was significantly associated with lower values of p 50 (1-sample t-test, t ¼ 22 . 36, P , 0 . 05). There was no relationship between contrasts in oil content and p 50 (P . 0 . 05, Fig. 5A ) or contrasts in seed mass and p 50 (P . 0 . 05, Fig. 5B ). However, there were significant relationships between contrasts in temperature and p 50 ( positive) and rainfall and p 50 (negative) (P , 0 . 05; Fig. 5C, D) . Simultaneously generating contrasts for all three continuous variables (excluding oil content) and p 50 in Crunch and then conducting multiple regression on the contrasts showed a significant relationship (F ¼ 2 . 70, P , 0 . 05). Partial correlation showed a significant negative correlation between p 50 and annual rainfall contrasts (b ¼ 20 . 286, t ¼ 22 . 29, P , 0 . 05) and no correlation between p 50 and either seed mass
DISCUSSION
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Among seed characteristics, it was found that, in agreement with other studies (Priestley, 1986; Walters et al., 2005; Bird, 2006) , there was no relationship between seed longevity and oil content. Nonetheless, it is possible that lipid composition is important in determining longevity since the degree of fatty acid saturation will impact on the potential for lipid peroxidation which has been considered to be a primary reaction in ageing contributing to free-radical production and subsequent attack on other macro-molecules (Benson, 1990) . This remains to be demonstrated.
Similarly, seed mass was not correlated with longevity as concluded elsewhere for a range of crop species (Pritchard and Dickie, 2003; Walters et al., 2005) . Previous reports have indicated that smaller seeds tend to persist longer in the natural environment (Thompson et al., 1993; Funes et al., 1999) ; however, this may be more to do with smaller seeds requiring particular environmental triggers for germination than greater longevity per se. Walters et al. (2005) reported a lack of correlation between longevity under seed bank conditions and seed persistence in a temperate mesic soil, whereas Long et al. (2008) found a positive correlation between seed longevity under rapid ageing conditions (458C and 60% RH) and seed persistence in soil. These apparently contradictory findings might be explained by the different soils investigated in the two studies. The comparatively warm dry soils used by Long and co-workers were certainly much closer to the conditions of the rapid ageing tests compared with the very different conditions of seed bank storage and temperate mesic soil investigated by Walters and co-workers.
Endosperm, environment, taxonomy and p 50
Whilst some of the variation in p 50 is not explained by the present model, the analysis clearly demonstrates that species with endosperm (i.e. comparatively small embryos), from cool wet environments tend to be short-lived in dry storage. Moreover, these relationships are significant when accounting for the potentially confounding effects of phylogenetic relationships (using PICs). Similarly, Walters et al. (2005) observed that seeds of species that originated in moist, temperate geographic regions such as Europe tended to have shorter life-spans compared with seeds of species originating in warm arid regions (Australia, South Asia). In further support of the proposition that species from hot dry environments are more likely to have comparatively long-lived seeds, the survival and germination of 200-year-old seeds of three South African species has been recently reported (Daws et al., 2007) . Conversely, Ali et al. (2007) reported that endospermic seeds of Anemone nemorosa from the UK have very limited seed longevity (the time taken for viability to drop to 5% at 458C and 60% RH ranged from approx. 2 d to 14 d): this species typically occurs in cool damp woodland environments.
In an evolutionary context, Forbis et al. (2002) attributed RES to the degree of embryo development at the time of dispersal with small embryos being the ancestral state in the angiosperms. Field and Arens (2005) suggested that early angiosperms evolved in disturbed, moist understorey environments such as montane forests and along riverbanks. Thus, the present data suggest that early angiosperms had short-lived seeds (in dry storage), which is likely to be consistent with their limited exposure to drying. Thus, we hypothesize that prolonged longevity in the dry state evolved as an adaptation to either climatic drying, or the invasion of hot, dry environments where seeds might be expected to persist in the dry state for irregular multi-year intervals between rainfall events sufficient for successful establishment. Figure 2 suggests that seed life-span is also a characteristic of particular taxonomic groupings, as reported previously (Priestley et al., 1985; Walters et al., 2005) . For example, species investigated in the Myrtales were typically long-lived while those in the Liliales were short lived. Such patterns were also evident at the family level. For example, the Campanulaceae, Ericaceae and Melanthiaceae were consistently short lived ( p 50 ranged from 0 . 1 d to 22 d) whereas Myrtaceae were consistently long lived ( p 50 ranged from 152 d to 771 d). Within some families, p 50 varied considerably, yet genera within those families showed relatively little variation in longevity. For example, in the Primulaceae, p 50 ranged from 4 d to 140 d but the five species of Primula tested were all short lived ( p 50 ranged from 6 d to 22 d; cf. Fig. 2B and Appendix). All five species of Gentiana were also short lived ( p 50 ranged from 8 d to 13 d) whereas Blackstonia perfoliata and Centaurium erythraea, also Gentianaceae, were significantly longer lived ( p 50 of 38 d and 37 d, respectively). Hay et al. (2006) also found little variation in p 50 within the genus Rhododendron. Thus, for these consistently short-lived genera, the longevity of one species is likely to be a good predictor of con-generics. However, these taxonomic trends may result from related species sharing similar traits such as seed structure, and habitats, and hence having a similar longevity. Interestingly, the Contrasts were generated in CAIC and the regressions were forced through the origin.
presence of endosperm and the environmental variables were still significantly related to p 50 when these phylogenetic effects were controlled using PIC analysis, supporting the hypothesis that correlated evolution between p 50 and other seed traits and climate has resulted in these apparent taxonomic trends.
Implications for gene banks A significant challenge for seed-bank managers is ensuring collections maintain high levels of viability to avoid loss of genotypes from the population while storing seeds from increasingly diverse taxa, many of which have not been studied in any way (at least in terms of seed biology). Thus, predictions of seed longevity based on seed characteristics and species' ecology would be of significant benefit to the seed banking community. Current guidelines (Rao et al., 2006) recommend that base collections stored according to international standards (FAO/IPGRI, 1994) be tested for viability after 5 or 10 years of storage depending on initial viability and whether the seeds have poor longevity. However, there is increasing evidence that seeds of some exceptionally shortlived species such as Anemone nemorosa may lose viability within a year or two (Ali et al., 2007) . Conversely, seeds that are likely to be extremely long lived in storage, such as some of the Myrtaceae species tested here, might currently be tested more frequently than necessary, involving the expenditure of seeds which could represent valuable germplasm (in the sense that limited numbers of seeds are available and recollection is difficult). Here, for the first time, data have highlighted that seed structure and climate of origin are important indicators of seed longevity. Thus species from cool, moist environments, particularly those with small embryos relative to the size of the seed, may need to be tested more frequently than non-endospermic seeds from hot dry environments.
In contrast to Walters et al. (2005) , who investigated correlates of seed longevity under gene-bank conditions, seeds in the current study were aged at elevated temperatures and RH. Potential advantages of this approach include the application of a standardized protocol to a wide range of germplasm enabling rapid generation of data: this protocol was applied to 195 species from 30 orders and 71 families. However, while the causes of seed death in gene-bank and rapid-ageing conditions may not be the same, families with species whose seeds aged rapidly in artificial ageing also showed evidence of more rapid seed viability loss during seed bank storage, with a significant reduction in viability over 20 years storage at 2208C. Moreover, collections from genera, such as Primula, predicted to be consistently short lived in comparative ageing tests also showed significant declines in viability after 20 years' storage in the seed bank.
The present data have shown that seed longevity is related to seed structure and climate of origin. Short-lived seeds are more likely to possess small embryos and originate from cool wet regions. Although we have not been able to explain some of the variation in p 50 and we have not considered intra-specific variation in seed longevity resulting from genetic or environmental influences or seed maturity, we can now predict which species are more likely to be short lived in storage. The rapid-ageing test described here offers seed-bank managers a means of assessing the potential longevity of seed collections of such species under seed-bank conditions, thereby enabling the selection of appropriate viability retest intervals and thus better management of conservation collections.
